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Abstract 

The Multiple Point Principle, according to which there exist many 
vacuum states with the same energy density, is put forward as a 
fine-tuning mechanism. By assuming the existence of three degen- 
erate vacua, we derive the hierarchical ratio between the fundamental 
(Planck) and electroweak scales in the Standard Model. In one of 
these phases, 6 top quarks and 6 anti-top quarks bind so strongly by 
Higgs exchange as to become tachyonic and form a condensate. The 
third degenerate vacuum is taken to have a Higgs field expectation 
value of the order of the fundamental scale. 
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1 Introduction 

The hierarchy problem refers to the long-standing puzzle of why the elec- 
troweak scale is so very small compared to the fundamental scale \i fundamental, 
which we shall identify with the Planck scale fipianck- In particular, radiative 
corrections to the Standard Model (SM) Higgs mass diverge quadratically 
with the SM cut-off scale A; this is the so-called technical hierarchy problem. 
For example the top quark loop contribution to the SM Higgs mass is given 



This leads to a fine-tuning problem for A > 1 TeV, when the top quark loop 
contribution exceeds the physical SM Higgs mass. For a SM cut-off at the 
Planck scale A = \ipi an ck ~ 10 19 GeV, the quadratic divergencies have to be 
cancelled to more than 30 decimals at each order in perturbation theory. 

The most popular resolution of this technical hierarchy problem is to in- 
troduce Supersymmetry or some other new physics (e.g. technicolor or a 
little Higgs model) at the TeV scale. Although SUSY stabilizes the hierar- 
chy between the electroweak and Planck (or GUT) scales, it does not explain 
why the hierarchy exists in the first place. An alternative way to resolve the 
hierarchy problem is to accept the necessity for fine-tuning and to explicitly 
introduce a fine-tuning mechanism. The most well-known example is the an- 
thropic principle^ E]. We shall discuss here another fine-tuning mechanism: 
the Multiple Point Principle. We shall apply it to the pure SM, with no new 
physics below the Planck scale except presumably for a minor modification 
at the see-saw scale to generate neutrino masses. 



2 Multiple Point Principle and the Large Scale 
Ratio 



According to the Multiple Point Principle (3], Nature chooses the values of 
coupling constants in such a way as to ensure the existence of several degener- 
ate vacuum states, each having approximately zero value for the cosmological 
constant. This fine-tuning of the coupling constants is similar to the fine- 
tuning of the intensive variables temperature and pressure at the triple point 
of water, due to the co-existence of the three degenerate phases: ice, water 
and vapour. The triple point of water is an easily reproducible situation and 
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occurs for a wide range of the fixed extensive quantities: the volume, energy 
and number of moles in the system. 

We do not really know what is the dynamics underlying the Multiple Point 
Principle, but it is natural to speculate that by analogy it arises from the 
existence of fixed, but not fine-tuned extensive quantities in the Universe, 
such as 

h = J d 4 xyfgjxj and I 2 = J y^l^x)! 2 (2) 

where <p(x) is the SM Higgs field. Such fixed extensive quantities, having 
the form of reparameterisation invariant integrals over space-time 0] Ii = 

J d A x\J g{x)Ci(x), can be imposed by inserting 5-functions in the Feynman 
path integral, similar to the energy fixing 5-function in the partition func- 
tion for a microcanonical ensemble in statistical mechanics Ej- Then the 
coefficient or coupling constant multiplying Ii in the effective action is con- 
strained to lie in a very narrow range, analogous to the inverse temperature 
in the canonical ensemble for a macroscopic system with a fixed energy. The 
coupling constant acts as a Lagrange multiplier, which has to adjust itself to 
ensure that the extensive quantity Ii takes on its correct fixed value. There is 
then a generic possibility that, for a large range of values for ij, the Universe 
has to contain two or more degenerate phases in different space-time regions. 
The imposition of a fixed value for an extensive quantity is a non-local condi- 
tion, which seems to imply some mildly non-local physics, such as wormholes 
or baby universesjT], must underlie the multiple point principle [3J0 El- How- 
ever we emphasize that the multiple point principle really has the status of 
a postulated new principle. 

We now wish to apply this fine-tuning principle to the problem of the huge 
scale ratio between the Planck scale and the electroweak scale: fipi anc k/ Hweak ~ 
10 17 . It is helpful at this point to recall that another large scale ratio, 
A 4 Planck /Aqcd ~ 10 20 , is generally considered to be a natural consequence 
of the SM renormalisation group equation (RGE) for the QCD fine structure 
constant: 

— ( 1 ] ~ — (3) 

Then taking ^(//p/ancfe) — 1/50, which corresponds to an order of unity value 
for the coupling constant at the Planck scale gz{npianck) — 1/2, the RGE 
gives fipianck/^QCD = exp(2vr / '7a 3 (fi P i anck )) ~ exp(45). A full understanding 
would of course require a derivation of the value gzi^pianck) — 1/2 from 
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physics beyond the SM, such as is done in the family replicated gauge group 
modeljHI- 

Our proposed explanation for the large scale ratio ft fundamental / Hweak is 
similarly based on the use of the RGE for the running top quark Yukawa 
coupling gt(p) in the SM: 

dgt 9t 2 o 2 9 2 17 2 



Here g 3 , g 2 and g± are the SU(3) x SU{2) x U(l) running gauge coupling 
constants, which we shall consider as given. The multiple point principle is 
used to fine-tune the boundary values of gt{fi) at both the fundamental and 
weak scales, due to the existence of 3 degenerate SM vacua. Note that we 
do not use the physical top quark mass as an input. These boundary values, 
9t(fJ> fundamental) and g t {^ W eak) , then fix the amount of running needed from 
the RGE (JU) and hence the required scale ratio ^fundamental/ ^weak- 

3 Two degenerate minima in the SM effective 
potential 

In order to fine-tune the value of g t (n fundamental) using the multiple point 
principle, we postulate the existence of a second degenerate vacuum E], 
in which the SM Higgs field has a vacuum expectation value of order 
A* fundamental- This requires that the renormalisation group improved effective 
potential V e ff(<f>) should have a second minimum near the fundamental scale, 
where the potential should essentially vanish in order to be degenerate with 
the usual electroweak scale minimum. 

For large values of the SM Higgs field <p ~ ft fundamental > Hweak, the 
renormalisation group improved effective potential is well approximated by 

y e// (0)^^A( Ai =|0|)|0| 4 (5) 

and the degeneracy condition means that A(/i fundamental) should vanish to 
high accuracy. The effective potential V e f f must also have a minimum and so 
its derivative should vanish. Therefore the vacuum degeneracy requirement 
means that the Higgs self-coupling constant and its beta function should 
vanish near the fundamental scale: 

A(/^ fundamental) /^a(/^ fundamental) (6) 
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This leads to the fine-tuning condition [5] 

gf(fl fundamental) = — (9#2 + §g\g\ + ^9l) ( 7 ) 

relating the top quark Yukawa coupling gt(fJ-) and the electroweak gauge cou- 
pling constants and ^(a 4 ) at = fi fundamental- We must now input the 
experimental values of the electroweak gauge coupling constants, which we 
evaluate at the Planck scale using the SM renormalisation group equations, 
and obtain our prediction: 

gtil 1 fundamental) — 0.39. (8) 

However we note that this value of g t (fi fundamental) , determined from the right 
hand side of Eq. ( |7| ). is rather insensitive to the scale, varying by approxi- 
mately 10% between \i = 246 GeV and fi = 10 19 GeV. 



4 Three degenerate vacua and the exotic bound 
state 

We now want to fine-tune the value of gt(fiweak) using the multiple point 
principle. In order to achieve this, it is necessary to have 2 degenerate vacua 
which only deviate by their physics at the electroweak scale. So what could 
the third degenerate SM vacuum be? Different phases are most easily ob- 
tained by having different amounts of some Bose-Einstein condensate. We 
are therefore led to consider a condensate of a bound state made out of some 
SM particles. We actually propose [HI EI] a new exotic strongly bound state 
made out of 6 top quarks and 6 anti-top quarks - a dodecaquark! The rea- 
son that such a bound state was not considered previously is that its binding 
is based on the collective effect of attraction between several quarks due to 
Higgs exchange. 

The virtual exchange of the Higgs particle between two quarks, two anti- 
quarks or a quark anti-quark pair yields an attractive force in each case. 
For top quarks Higgs excahnge provides a strong force, since we know phe- 
nomeno logically that <ft(/f) ~ 1. So let us consider putting more and more t 
and t quarks together in the lowest energy relative S-wave states. The Higgs 
exchange binding energy for the whole system becomes proportional to the 
number of pairs of constituents, rather than to the number of constituents. 
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So a priori, by combining sufficiently many constituents, the total binding 
energy could exceed the constituent mass of the system! However we can put 
a maximum of 6t + Qi quarks into the ground state S-wave. So we shall now 
estimate the binding energy of such a 12 particle bound state. 

As a first step we consider the binding energy Ei of one of them to the re- 
maining 11 constituents treated as just one particle analogous to the nucleus 
in the hydrogen atom. We assume that the radius of the system turns out 
to be reasonably small, compared to the Compton wavelength of the Higgs 
particle, and use the well-known Bohr formula for the binding energy of a 
one-electron atom with atomic number Z — 11 to obtain the crude estimate: 

Here g t is the top quark Yukawa coupling constant, in a normalisation in 
which the top quark mass is given by m t = <?t 174 GeV. 

The non-relativistic binding energy Eluding of the 12 particle system is then 
obtained by multiplying by 12 and dividing by 2 to avoid double-counting 
the pairwise binding contributions. This estimate only takes account of the 
t-channel exchange of a Higgs particle between the constituents. A simple es- 
timate of the u-channel Higgs exchange contribution |Hj increases the binding 
energy by a further factor of (16/11) 2 , giving: 

Eu " i "" = m ' (10) 

We have so far neglected the attraction due to the exchange of gauge parti- 
cles. So let us estimate the main effect coming from gluon exchange[10j with 
a QCD fine structure constant a s (M z ) = g 2 s {M z )/^ = 0.118, corresponding 
to an effective gluon t — t coupling constant squared of: 

e 2 tt = pi ~ il.5 ~ 2.0 (11) 

For definiteness, consider a t quark in the bound state; it interacts with 6 
t quarks and 5 t quarks. The 6 t quarks form a colour singlet and so their 
combined interaction with the considered t quark vanishes. On the other 
hand the 5 t quarks combine to form a colour anti-triplet, which together 
interact like a t quark with the considered t quark. So the total gluon inter- 
action of the considered t quark is the same as it would have with a single 
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t quark. In this case the w-channel gluon contribution should equal that of 
the t-channel. Thus we should compare the effective gluon coupling strength 
2 x e 2 tt ~ 2 x 2 = 4 with (16/11) x Zgj/2 ~ 16 x 1.0/2 = 8 from the Higgs 
particle. This leads to an increase of Eluding by a factor of (^p) 2 = (3/2) 2 , 
giving our final result: 

F (" 9 '\m (1?) 

^binding — I ^ 2 I W>t \*-*) 

We are now interested in the condition that this bound state should become 
tachyonic, ml ound < 0, in order that a new vacuum phase could appear due to 
Bose-Einstein condensation. For this purpose we consider a Taylor expansion 
in gl for the mass squared of the bound state, crudely estimated from our 
non-relativistic binding energy formula: 

<ound = (12m t ) 2 -2(12m t )xE bindmg + ... (13) 

= (12m,) 2 (l-|U 4 + ...) ( 14 ) 

Assuming that this expansion can, to first approximation, be trusted even 
for large g t , the condition m\ ound = for the appearance of the above phase 
transition with degenerate vacua becomes to leading order: 

9t\phase transition 

We have of course neglected several effects, such as weak gauge boson 
exchange, s-channel Higgs exchange and relativistic corrections. In particular 
quantum fluctuations in the Higgs field could have an important effect [TU] hi 
reducing gt\ p hase transition by up to a factor of y/2. It is therefore quite possible 
that the value of the top quark running Yukawa coupling constant, predicted 
from our vacuum degeneracy fine-tuning principle, could be in agreement 
with the experimental value gt(Hweak)ex P ~ 0.98 ± 0.03. Assuming this to be 
the case, we can now estimate the fundamental to weak scale ratio by using 
the leading order RGE (j3J) for the top quark SM Yukawa coupling gt{fi)- It 
should be noticed that, due to the relative smallness of the fine structure 
constants «j = gf/4:ir and particularly of a 3 (fi fundamental), the beta function 
(3 gt for the top quark Yukawa coupling constant, Eq. (jH), is numerically rather 
small at the fundamental scale. Hence we need many e-foldings between the 
two scales, where g t (n fundamental) - 0.39 and g t {n W eak) - 1-24. The predicted 
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1.24 (15) 
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Figure 1: Plots of gt and A as functions of the scale of the Higgs field for 
degenerate vacua with the second Higgs VEV at the Planck scale 4> vaC uum 2 = 
10 19 GeV. The second order SM renormalisation group equations are formally 
applied up to a scale of 10 25 GeV. 



scale ratio is quite sensitive to the input value of a 3 (fi fundamental)- When 
we input the value of 03 ~ 1/54 evaluated at the Planck scale, from the 
phenomenological value of Aqcd using the RGE for the SM fine structure 
constants, we predict the scale ratio to be: 

^ fundamental / ^weak ~ 1Q 16 — 1Q 2 ° (16) 



The running of the top quark Yukawa coupling is shown in Figure Q as a 
function of log 10 </>. We note that, as can be seen from Eq. (jlj), the rate of 
logarithmic running of gt{n) increases as the QCD gauge coupling constant 
g% (/i) increases. Hence the value of the weak scale is naturally fine-tuned to 
be a few orders of magnitude above the QCD scale. Using the RGE for the 
SM Higgs self-coupling 



cHn/i 167r 2 



12A 2 + 3(4^ - 3gj - gl)\ + \g\ + \g\g\ + -a\ - 12^ 4 



4" z 4' 

(17) 

and the boundary value at the fundamental scale, Eq. ©, we can calculate 
the running of A(/i). The results are also shown in Figure ^ The value of 
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^(^weak) obtained can be used to predict jHj the SM Higgs mass 

M H = 135 ± 9 GeV (18) 

5 Properties of the exotic bound state 

Strictly speaking, it is a priori not obvious within our scenario in which of 
the two degenerate electroweak scale vacua discussed in Section |U we live. 
There is however good reason to believe that we live in the usual Higgs 
phase without a condensate of new bound states rather than in the one with 
such a condensate. The point is that such a condensate is not invariant 
under the SU(2) x £7(1) electroweak gauge group and would contribute to 
the squared masses of the W ± and Z° gauge bosons. Although these contri- 
butions are somewhat difficult to calculate, preliminary calculations indicate 
that these contributions would make the p-parameter deviate [TT] significantly 
from unity, in contradiction with the precision electroweak data. 

We expect the new bound state to be strongly bound and relatively long 
lived in our vacuum; it could only decay into a channel in which all 12 
constituents disappeared together. The production cross-section of such a 
particle would also be expected to be very low, if it were just crudely related 
to the cross section for producing 6 t and 6 t quarks. It would typically decay 
into 6 or more jets, but it would probably not be possible to reconstruct the 
multi-jet decay vertex precisely enough to detect its displacement from the 
bound state production vertex. There would be a better chance of observing 
an effect, if we optimistically assume that the mass of the bound state is 
close to zero (i.e. very light compared to 12m t ~ 2 TeV) even in the phase 
in which we live. In this case the bound state obtained by removing one of 
the 12 quarks would also be expected to be light. These bound states with 
radii of order l/m t might then be smaller than or similar in size to their 
Compton wavelengths and so be well described by effective scalar and Dirac 
fields respectively. The 6 t + 6 t bound state would couple only weakly to 
gluons whereas the 6t + 5 t bound state would be a colour triplet. So the 
6t + 5 t bound state would be produced like a fourth generation top quark 1 
at the LHC. If these 11 constituent bound states were pair produced, they 
would presumably decay into the lighter 12 constituent bound states with 

1 However there would be very little mixing with the top quark, due to the small overlap 
of their wave functions. 
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the emission of a t and a t quark. The 6t + 6t bound states would in turn 
decay into multi-jets, producing a spectacular event. 

6 Summary and Conclusion 

In this talk, we have put forward a scenario for how the huge scale ratio 
between the fundamental scale ^fundamental and the electroweak scale [i wea k 
may come about in the pure SM. We appeal to a fine-tuning postulate - 
the Multiple Point Principle - according to which there are several different 
vacua, in each of which the energy density (cosmological constant) is very 
small. In fact our scenario requires a landscape of 3 degenerate SM vacua, 
in contrast to the 10 1000 or so string vacuaPIJ|2]. 

The existence of an exotic bound state of six top quarks and six anti-top 
quarks is crucial to our scenario. Furthermore the binding of this dode- 
caquark state, due mainly to Higgs particle exchange, must be so strong that 
a condensate of such bound states can form and make up a phase in which 
essentially tachyonic bound states of this type fill the vacuum. The calcu- 
lation of the critical top quark Yukawa coupling gt\ p hase transition for which 
such a vacuum should appear involves no fundamentally new physics. It is a 
very difficult SM calculation, but would provide a clean test of the Multiple 
Point Principle as gt\ p hase transition is predicted to equal the experimentally 
measured value gt{^ we ak)exp- Within the accuracy of our crude extrapola- 
tion (|15J) of the non-relativistic Bohr formula, our Multiple Point Principle 
estimate of gt(fiweak) is in agreement with experiment. 

In addition to the 2 degenerate electroweak scale vacua, we postulate the 
existence of another degenerate vacuum in which the SM Higgs field has a 
vacuum expectation value of order the fundamental scale. We thereby obtain 
a prediction (jHJ) for the value of gt(n fundamental) in terms of the electroweak 
gauge coupling constants. The crucial point now is that we need an appre- 
ciable running of gt(fi), in order to make its fine-tuned values at fi wea k and 
at /i fundamental compatible. That is to say we need a huge scale ratio (fT^j) . 
since the running is rather slow due to the smallness of the SM fine structure 
constants from the renormalisation group point of view. It also naturally 
follows that the electroweak scale lies within a few orders of magnitude above 

Finally we remark that, in our scenario, there are still quadratic diver- 
gencies in the radiative corrections to the Higgs mass squared at each order 
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of perturbation theory. However the Multiple Point Principle fine-tunes the 
bare parameters at each order of perturbation theory, so as to ensure the 
equality of the energy densities in the three different SM vacua. Indeed we 
obtain a prediction for the Higgs mass: Mjj ~ 135 GeV. 
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